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ABSTRACT 
The present theoretical/experimental investigation deals with the problem of performing the 
static assessment of notched components made of additively manufactured Acrylonitrile 
Butadiene Styrene (ABS). The notch strength of this 3D-printed material was investigated by 
testing a large number of specimens, with the experiments being run not only under tension, but 
also under three-point bending. The samples contained geometrical features of different 
sharpness and were manufactured (flat on the build plate) by changing the printing direction. 
Being supported by the experimental evidence, the hypothesis was formed that the mechanical 
response of 3D-printed ABS can be modelled effectively by treating it as a material that is linear-
elastic, brittle, homogenous and isotropic. This simplifying hypothesis allowed the Theory of 
Critical Distances to be employed also to assess static strength of 3D-printed ABS containing 
geometrical features. The validation exercise based on the experimental results being generated 
demonstrates that this theory is highly accurate, with its use leading to predictions falling mainly 
within an error interval of about ±20%. This level of accuracy is certainly satisfactory especially 
because this static assessment methodology can be used in situations of engineering relevance by 
making use of the results obtained by solving standard linear-elastic Finite Element models. 
 





a, B, W  dimensions of the C(T) specimens according to ASTM D5045−14 
E  Young’s modulus 
Ff  failure force 
Kc  fracture toughness 
KIC  plane strain fracture toughness 
L  critical distance 
Or  polar coordinates 
Oxy  local system of coordinates 
Pmax, PQ forces determined according to ASTM D5045-14 
R  notch root radius 
SD  standard deviation 
t  specimen’s thickness 
wn, wg  net and gross width 
p  manufacturing angle 
0.1%  0.1% proof stress 
1  maximum principal stress
eff  effective stress
UTS  ultimate tensile strength 
x, y, xy local stress components
Y  yield stress 




Acrylonitrile butadiene styrene (ABS) – (C8H8C4H6C3H3N)n - is a thermoplastic polymer that is 
widely used to manufacture lightweight, rigid components including automotive parts, pipes and 
protective headgear. As an engineering polymer, ABS is characterised by good mechanical 
properties, high impact strength and remarkable resistance to corrosion. 
As far as situations of industrial interest are concerned, objects of ABS are still made mainly via 
injection moulding. However, together with polylactide (PLA) and thermoplastic polyurethane 
(TPU), ABS is a polymer that can be 3D-printed (at low cost) through those off-the-shelf 3D-
printers that make use of the Fused Filament Fabrication (FFF) technique. 
If attention is focussed on the mechanical properties of FFF-manufactured ABS, much 
experimental evidence [1-21] suggests that its overall mechanical behaviour is influenced by 
numerous technological variables that include, amongst others: layer thickness, infill level, 
printing rate, feed rate, temperature of the build plate, extrusion temperature, diameter of the 
filament, diameter of the nozzle, and printing direction. In this context, given the different 
parameters that influence the mechanical response of 3D-printed ABS, certainly the 
manufacturing orientation plays a role of primary importance [21]. For instance, as per Fig. 1a, 
the ultimate tensile strength, UTS, and the yield stress, Y, of ABS 3D-printed vertically on the 
build plate are seen to be lower than the corresponding mechanical properties obtained by 
manufacturing the specimens either on-edge or flat. 
As long as objects of ABS are 3D-printed flat on the build plate, their overall mechanical behaviour 
is affected markedly by the value set for the raster angle (Fig. 1b). As to this aspect, the graphs of 
Fig. 1b make it evident that ultimate tensile stress, UTS, flexural strength, fs, yield stress, Y, and 
Young’s Modulus, E, of FFF-manufactured ABS decrease as the material meso-structure moves 
from lay-ups being mainly dominated by 3D-printed filaments at about 0° to lay-ups whose 
mechanical response is mainly governed by filaments at about 90°. This well-known behaviour is 
to be ascribed to the particular cracking processes that are observed in FFF-manufactured 
polymers. In particular, in these 3D-printed materials final breakage is seen to take place as a 
result of three distinct failure processes, i.e. (i) de-bonding between adjacent filaments, (ii) de-
bonding between adjacent layers and (iii) rectilinear cracking of the filaments [1, 22, 23]. 
Accordingly, when the material meso-structure is dominated by 3D-printed filaments at about 
90°, the overall strength of the material itself mainly depends on the bonding forces. Therefore, 
since, by their nature, these bonding forces result in a lower strength capacity than the one which 
associated with the axial mechanical strength of the extruded filaments, lay-ups with filaments 
mainly at 90° are characterised by a lower mechanical performance compared to the one obtained 
from meso-structures mainly based on 0°-oriented filaments. However, in spite of these 
complexities, the diagrams of Fig. 1b make it clear that both strength and stiffness of additively 
manufactured ABS are comparable with the corresponding mechanical properties that are 
obtained via classic, conventional injection moulding (IM). This experimental evidence further 
demonstrates that, as long as the key manufacturing variables are set correctly, FFF-based 
additive manufacturing can be used in situations of industrial interest to manufacture objects of 
ABS that are in any case characterised by good mechanical properties. 
Turning back to 3D-printing technologies, one of the key features of additive manufacturing is 
that components with intricate shapes can be manufactured by reaching a remarkable level of 
accuracy in terms of dimensions. However, from a static strength viewpoint, the presence of 
intricate geometrical features leads to localised stress concentration phenomena that have an 
inevitable detrimental effect on the strength of the components themselves. These considerations 
should make it clear that, to make the most of additive manufacturing, engineers need simple, 
reliable design tools capable of accurately performing the static assessment of 3D-printed 
materials containing geometrical features of all kinds (here termed “notches”). 
As per the literature review briefly discussed above, much experimental/theoretical work has 
already been done in order to understand and model the mechanical behaviour of plain (i.e., un-
notched) 3D-printed ABS. In contrast, so far the problem of designing additively manufacture 
ABS containing notches has never been studied systematically before. Therefore, in this 
challenging scenario, this paper ambitiously aims at filling up this knowledge gap by investigating 
whether the Theory of Critical Distances [24] can successfully be used also to predict the static 
strength of notched 3D-printed ABS. 
 
2. Experimental details 
The specimens sketched in Fig. 2 were manufactured by using FFF-based 3D-printer Ultimaker 2 
Extended+ and grey filaments of PRIMA 750g ABS having diameter equal 2.85mm. The used 
extrusion nozzle had diameter equal to 0.4 mm. During manufacturing the temperature of the 
nozzle was kept equal to 255˚C, whereas the temperature of the build plate to 90˚C. All the 
specimens were manufactured at a printing rate of 30 mm/s. The level of density was set equal to 
100%, the height of the layers equal to 0.1 mm, and the thickness of the shell equal to 0.4 mm. 
With regard to the latter technological parameter, the thickness of the shell was set equal to the 
diameter of the nozzle being to minimise the formation of voids and defects at the interface 
between filling material and shell. 
According to the sketch of Fig. 3a, both the plain and the notched samples were fabricated flat on 
the build-plate. In order to obtain different material lay-ups, the specimens were manufactured 
by making the manufacturing angle, p, vary in the ranges 0˚-90˚ for the plain and 0˚-45˚ for the 
notched specimens. As shown in Fig. 3a, p was the angle between the principal printing direction 
and the specimens’ longitudinal axes, with the principal printing direction being perpendicular to 
the front command panel. Since the used 3D-printer extruded the filaments forming the filling 
volume always at ±45˚ to the principal manufacturing direction, setting angle p equal either to 
0˚ or to 90˚ returned specimens having a ±45˚ lay-up (Fig. 3a). Using a similar stratagem, 
specimens with a -15˚/+75˚ lay-up were then fabricated by taking p equal to both 30˚ and 60˚, 
whereas samples with a 0˚/+90˚ lay-up were manufactured by taking p equal to 45˚ (Fig. 3a). 
According to Fig. 2, the un-notched specimens as well as the notched samples had thickness equal 
to 4mm. The actual dimensions of the specimens that are listed in Tables 1 to 6 were measured by 
using a high-precision calliper and an optical microscope. 
The plain specimens (Fig. 2a) and the samples containing two opposite notches (Figs 2c to 2e and 
Figs 2i to 2l) were tested under axial loading. In contrast, the samples containing single notches 
were tested under three point bending, with the span between the two lower supports being set 
equal to 60 mm for the specimens with single open notches (Figs 2m to 2o) and to 50 mm for the 
other bending samples (Figs 2f to 2h). 
According to the classical analytical framework due to Williams [25], the notch opening angle, , 
is a geometrical parameter that influences the distribution of the linear-elastic stress fields in the 
vicinity of the notch itself. In particular, Williams’s solution suggests that, in linear-elastic, 
homogenous and isotropic materials, the effect of the opening angle can be disregarded with a 
little loss of accuracy as long as  is lower than about 100˚. In contrast, when the opening angle 
becomes larger than about 100˚,  is seen to affect not only the profile, but also the magnitude of 
the corresponding local linear-elastic stress distributions [26]. Accordingly, to accurately 
investigate the static behaviour of 3D-printed ABS in the presence of stress concentration 
phenomena, a number of tensile specimens (Figs 2i to 2l) as well as of bending samples (Figs 2m 
to 2o) were then fabricated by taking opening angle  equal to 135˚ (here termed “open notches”). 
The C(T) specimens were FFF-fabricated as recommended by ASTM D5045−14 [27], with the 
thickness varying in the range 7-30 mm - the technical drawing reported in Fig. 2b shows solely a 
C(T) specimen having thickness equal to 30 mm. 
By using a Shimadzu axial machine, all the specimens being sketched in Fig. 2 were tested up to 
complete breakage, with the displacement rate being set invariably equal to 2 mm/min. Local 
axial strains in the smooth specimens were measured and gathered during testing at a frequency 
of 10 Hz through an extensometer having gauge length equal to 50 mm. Fig. 3b shows a few 
examples of the different experimental set-ups that were employed to test the specimens sketched 
in Fig. 2. 
The results being generated following the experimental procedures summarised in the present 
section are listed in Tables 1 to 6. The meaning of the symbols used in these tables is explained in 
the Nomenclature. 
 
3. Ultimate tensile strength, 0.1% proof stress, and Young’s modulus 
The stress vs. strain diagrams seen in Fig. 4 show the typical mechanical response displayed by 
the plain specimens (Fig. 2a) when tested under tension. 
As to the observed mechanical response, initially, it is interesting to point out that, according to 
the diagrams of Fig. 4, the stress-strain behaviour was seen to be almost linear up to the maximum 
stress that was recorded during testing, with this holding true irrespective the value of 
manufacturing angle p. Therefore, according to the behaviour being observed experimentally, the 
hypothesis can be formed that the mechanical response of the 3D-printed ABS being tested can 
be modelled effectively by simply linearizing the stress-strain law up to final breakage. 
Focussing attention on the ductility level that characterises the different material lay-ups, Figs 4a 
and 4e show that the stress-strain curves associated with the samples FFF-fabricated by taking p 
equal to 0° and 90° are those displaying the largest level of non-linear deformations. In contrast, 
in the samples with either a -15˚/+75˚ lay-up (Figs 4b and 4d) or a 0˚/+90˚ lay-up (Fig. 4c) final 
breakage occurred as soon as the stress reached its maximum value. In this context, it is important 
to point out also that, independently of the value being set for manufacturing angle p, failures 
were never preceded by any evident localised necking. 
The charts of Fig. 5 summarise the mechanical response of the FFF-printed polymer being tested 
in terms of elastic modulus, E, 0.1% proof stress, 0.1%, and ultimate tensile strength, UTS. For the 
sake of clarity and completeness, the same values are also listed in Tab. 1 for any individual test 
that was run. The graphs of Fig. 5 make it clear that the mechanical response of the 3D-printed 
ABS under investigation was clearly affected by the manufacturing direction, although, as 
expected [22, 23], the influence of angle p was seen to be little. Further, the diagrams of Fig. 5 
also demonstrate that the stress-strain behaviour of those specimens manufactured by setting p 
equal to 0° and 30° was comparable to the mechanical response associated with the samples 
manufactured with p equal to 60° and 90°, respectively. Accordingly, in order to reduce the 
number of specimens used to investigate the static strength of the tested 3D-printed ABS in the 
presence of stress concentration phenomena, the notched specimens sketched in Fig. 2 were 
manufactured by setting angle p solely equal to 0°, 30°, and 45°. 
Turning back to the strain-strain behaviour of the un-notched material, if the effect of 
manufacturing angle p is neglected, then the average values for the three relevant mechanical 
properties are as follows: E=1590 MPa, 0.1%=20.8 MPa, and UTS=23.0 MPa. According to the 
diagrams reported in Fig. 5, the mechanical properties measured by testing specimens 
manufactured by taking angle p in the range 0-90 all fall within two standard deviation of the 
mean (i.e., ±2SD in the charts of Fig. 5). While, strictly speaking, angle p does affect the overall 
mechanical response of the tested 3D-printed ABS, these results further confirm that for design 
purposes the influence of the material lay-up on E, 0.1% and UTS can be disregarded, with this 
simplifying assumption resulting just in a marginal loss of accuracy. 
Subsequently, in order to investigate the effect of the material lay-up on the cracking behaviour 
of the 3D‐printed ABS being tested, attention was focused not only on the crack propagation 
phase, but also on the crack initiation process. The pictures seen in Fig. 6a show some examples 
of the crack paths that were observed in the plain samples being tested. In particular, irrespective 
of the value of angle θp, the cracks were seen to initiate always on material planes being almost 
normal to the loading direction. This Mode I stress-dominated initiation process led to initial 
cracks having length approaching the thickness of the shell (i.e., having length approaching 0.4 
mm). The subsequent growth phase was seen to occur on zig-zag paths following the directions of 
the extruded filling filaments. 
According to the observed cracking behaviour, it is possible to conclude by pointing out that the 
propagation of the cracks in the tested 3D-printed ABS was the result of three failure mechanisms, 
i.e., de-bonding between adjacent filaments, de-bonding between adjacent layers and, finally, 
rectilinear cracking of the extruded filaments. 
 
4. Fracture toughness 
The plane strain fracture toughness, KIC, of the 3D-printed ABS being studied was measured 
experimentally via C(T) specimens (Fig. 2b) designed and tested by following the pertinent ASTM 
recommendations [27]. The force vs. displacement curves generated by testing the C(T) samples 
are shown in Fig. 4f. The profile of these curves makes it evident that the mechanical response of 
the C(T) specimens made of FFF-fabricated ABS was similar to the one usually displayed by C(T) 
specimens of conventional polymeric materials [27]. It is also interesting to observe that some of 
the curves show an evident initial “jump”. This has to be ascribed to the physiological mechanical 
adjustment of the testing apparatus occurring at the beginning of those tests showing this initial 
discontinuity in the force vs. displacement curve. However, this problem was compensated by 
post-processing the obtained curves according to the ASTM procedure [27]. 
As discussed in the previous Section, in the un-notched samples with p≠45˚ the cracks were seen 
to grow along zig-zag paths whose profiles followed the orientation of the extruded filaments. This 
means that, at a mesoscopic level, in those specimens with p≠45˚ the crack propagation process 
was always driven by local mechanisms that were Mixed-Mode I/II dominated. In contrast, since 
the deposited filaments in these specimens were either normal or parallel to the loading direction, 
solely in the specimens with p=45˚ the cracking behaviour was governed by a pure Mode I failure 
mechanism. This explains why all the C(T) specimens being tested were FFF-fabricated by setting 
manufacturing angle p invariably equal to 45˚. 
Another important aspect is that, contrary to what is suggested by ASTM D5045-14 [27], the C(T) 
specimens were tested without introducing any pre-crack. This was done deliberately so that the 
fracture toughness for the 3D-printed ABS under investigation could be determined by accounting 
also for the effect of the 0.4 mm shell. 
Fig. 6b show an example of the crack initiation (right) and crack propagation (left) processes as 
they were observed in the C(T) samples. This figure makes it evident that, as planned, the cracks 
grew along the notch bisector, with the propagation process being purely Mode I-driven. In this 
context, it can be pointed out also that in the C(T) specimens the cracks tended to initiate slightly 
away from the notch tip, with the initial propagation occurring, in the vicinity of the notch tip 
itself, at the interface between the shell and the filling material. This can be ascribed to the way 
the material was deposited near the notch, with this stress concentrator being very sharp. 
The results generated by testing the C(T) specimens are listed in Tab. 6 in terms of maximum 
force recorded during testing, Pmax, reference force, PQ, extrapolated according the procedure 
recommended by ASTM D5045-14 [27], and, finally, fracture toughness, KC. This table makes it 
evident, in contrast with the trend that is usually displayed by conventional plastic materials, KC 
for the 3D-printed ABS being tested was seen not to decrease as the thickness increased from 
about 7 mm up to about 30 mm. This clearly suggests that more theoretical/experimental work 
needs to be done to understand and model the effect of geometry and thickness on the fracture 
toughness of additively manufactured ABS. 
Having highlighted these important aspects and limitations, ultimately the plain fracture 
toughness for the 3D-printed polymer under investigation was then estimated by averaging the 
results from the three tests run by using the C(T) specimens with nominal thickness, B, equal to 
30 mm. This straightforward calculation returned an average value for KIC equal to 2.6 MPa·m1/2. 
To conclude, it is important to point out that, according to the empirical rule suggested by ASTM 
D5045-14 [27], the fracture toughness values obtained from specimens with thickness equal to 
about 30 mm were determined under almost-fully-developed plane strain conditions. 
 
5. Mechanical behaviour in the presence of notches 
The diagrams seen in Fig. 7 show some force vs. displacement curves as well as some bending 
moment vs. deflection curves that were obtained from the notched specimens of Fig. 2 tested 
under tension as well as under bending. As an example, the curves plotted in the diagrams of Fig. 
7 refer to the first test that was run for any notch profile/loading configuration being considered 
in the present investigation. 
The mechanical behaviour displayed by the diagrams of Fig. 7 suggests that, in the notched 
specimens, breakage always took place as soon as the applied force or moment reached its 
maximum value, with this holding true irrespective of profile and sharpness of the notch. 
Focusing attention on the results generated under axial loading, the force vs. displacement curves 
shown in Figs 7a to 7f were all formed of two linear branches, where, compared to the first linear 
part, the second branch was always less steep. Further, the change in the slope always occurred 
around 0.25 mm, with this holding true irrespective of notch sharpness and value of the notch 
opening angle. Clearly, it is very difficult to find a physical explanation for this interesting 
phenomenon. However, this change in the slope could be ascribed to the fact that, in the presence 
of notches, the initial deformation was mainly due to a relative displacement between adjacent 
filaments. This initial sliding-based straining mechanism was then followed by a deformation 
process mainly depending on the tensile properties of the individual filaments forming the bulk 
material. The different stiffness associated with these two deformation mechanisms would 
explain the reason why the force displacement curves seen in Figs 7a to 7F show two distinct 
values of the slop. However, this is just a possible explanation and, certainly, more work needs to 
be done to clarify this interesting aspect. 
As far as the results under three-point bending are concerned, the diagrams reported in Figs 7g 
to 7l show that, as expected, all the bending moment vs. deflection curves displayed an initial non-
linear behaviour due to the rig’s mechanical adjustment occurring at the beginning of any test. 
This initial non-linear response was then followed by a predominantly linear behaviour up to final 
fracture. 
All the results generated by testing the notch specimens sketched in Fig. 2 are listed in Tables 2 
to 5 in terms of maximum force, Ff, recorded during testing. It is useful to recall here that, as 
briefly mentioned in Section 3, the notched samples were FFF-fabricated by setting p solely equal 
to 0˚, 30˚, and 45˚. This was done because, as per the results obtained by testing the plain 
specimens (see Fig. 5), the mechanical behaviours for p=0˚ and for p=30˚ were seen to be very 
similar to those obtained by taking p equal to 90˚ and 60˚, respectively. This allowed us to reduce 
markedly the number of specimens that had to be manufactured and tested to study the notch 
static behaviour of the 3D-printed polymer under investigation. 
The failure forces, Ff, reported in Tables 2 to 5 suggest that the static strength of the notched 
specimens tested both under tension and under bending was slightly affected by printing angle 
p. In particular, the magnitude of the failure force was seen to decrease as angle p increased, 
with this effect being more evident in the notched samples loaded in bending. 
Another important aspect that is worth pointing out here is that the sharpest notches were not 
always characterised by the lowest strength. In particular, Table 7 reports the average value and 
the standard deviation, SD, of the failure force determined from the three tests that were run to 
investigate any considered notch/loading configurations. Table 7 confirms that the 3D-printed 
polymer under investigation was characterised by a very low notch sensitivity. This implies that, 
in theory, the standard nominal stress based approach would allow notched components of 3D-
printed ABS to be designed by always reaching an acceptable level of structural safety. However, 
one of the key features of additive manufacturing is that, by its nature, this technology is suitable 
for fabricating objects with very complex geometries. As far as components with complex three-
dimensional shapes are concerned, it is well-known that it is never straightforward to define 
nominal sections unambiguously, with this making difficult for the nominal stress based approach 
to be used successfully under these specific circumstances. In this setting, the obvious alternative 
is then solving Finite Element (FE) models so that the local peak stresses can be determined at 
the hot-spots. Unfortunately, directly using hot-spot stresses with materials characterised by a 
low notch sensitivity would systematically result in over-designed components, i.e., in 
components that are bigger and heavier than necessary. Thus, a reliable design tool is needed to 
perform accurately the static assessment of 3D-printed objects with complex shape. This key 
aspect will be addressed in the next sections as attempting to extend the use of the Theory of 
Critical Distances to the static assessment of notched components of FFF-manufactured ABS. 
Turning back to Table 7, another important aspect is that, according to the reported values of the 
average failure forces, notches with very large root radii may even have a beneficial effect, with 
the associated strength being higher than the one displayed by the un-notched material. Having 
said that, certainly, it would be worth investigating this interesting aspect in detail. However, 
since this specific problem was out of the scopes of the research work summarised in the present 
work, our attention was focussed solely on the effect of stress concentrators having relatively small 
root radii. 
The matrices of failures reported in Figs 8 and 9 show the crack initiation process in the notched 
samples subjected to tension and to three-point bending, respectively. In accordance with the 
cracking behaviour that was observed in the plain samples (Fig. 6a), in the presence of stress 
concentrators as well cracks were seen to initiate, at the notch tips, on material planes that were 
almost perpendicular to the loading direction. These embryonic cracks having length approaching 
0.4 mm (i.e., equal to about the shell thickness) led to a subsequent propagation process occurring 
on zig-zag paths whose profile depended on the material lay-up. To conclude, it can be said that 
also in the presence of stress concentrators the cracking behaviour of 3D-printed ABS was seen to 
be due to the combined effect of de-bonding (between adjacent filaments as well as between 
adjacent layers) and rectilinear cracking. 
 
6. Fundamental of the Theory of Critical Distances 
The mechanical behaviour displayed by the additively manufactured ABS under investigation 
(Figs 4 and 5) allows the following two simplifying engineering hypotheses to be formed: 
 
 additively manufactured ABS can be modelled as an homogenous and isotropic material; 
 additively manufactured ABS behaves like a linear-elastic, brittle material. 
 
Clearly, these two simplifying assumptions are valid as long as components/objects are 3D-
printed flat on the build plate (Figs 1a and 3a). Having set this design scenario, the static strength 
of notched components made of 3D printed ABS can then attempted to be assessed by taking full-
advantage of the Theory of Critical Distances (TCD) [24]. The key features of this powerful design 
tool will be reviewed briefly in what follows. 
According to the TCD, static strength is estimated via an effective stress, eff, whose magnitude 
depends on the local linear-elastic stress field acting on the material in the notch tip region. In 
this setting, a notched component is assumed not to break as long as the following condition is 
assured [28-30]: 
 𝜎𝑒𝑓𝑓 ≤ 𝜎𝑈𝑇𝑆                   (1) 
 
where UTS is the conventional ultimate tensile strength that can be determined experimentally by 
running standard tensile tests [28]. The TCD effective stress instead is calculated by defining a 
critical distance whose length depends on the primary source of microstructural heterogeneity. In 
particular, the TCD material length is seen to be about an order of magnitude larger than the size 
of the dominant microstructural features [31]. 
Independently of the strategy being adopted to calculate eff, the TCD assumes that the critical 
distance can directly be derived from the following well-known relationship [28, 32, 33]: 
 𝐿 = 1𝜋 ( 𝐾𝐼𝐶𝜎𝑈𝑇𝑆)2,                   (2) 
 
where KIC is the plane strain fracture toughness. Since, according to definition (2), L is derived 
from two material properties (i.e. UTS and KIC), the TCD critical distance is in turn a material 
property so this length does not depend on profile and sharpness of the stress raiser being 
designed [24]. 
As soon as the material characteristic length is known, the TCD effective stress can be determined 
according to either the Point, the Line, or the Area Method [24]. 
The Point Method (PM) is the simplest formalisation of the TCD. It postulates that eff is equal to 
the linear-elastic stress at a distance from the notch tip equal to L/2. As per Figs 10a and 10b, the 
PM effective stress can then be defined mathematically as follows: 
 𝜎𝑒𝑓𝑓 = 𝜎𝑦 (𝜃 = 0˚, r = 𝐿2)                 (3) 
 
A second way to apply the TCD is by averaging the linear-elastic stress along the notch bisector 
over a distance equal to 2L [24, 28]. This formalisation of the TCD is known as the Line Method 
(LM) and it can be expressed mathematically as follows (Fig. 10c): 
 𝜎𝑒𝑓𝑓 = 12𝐿 ∫ 𝜎𝑦(𝜃 = 0˚, r) ∙ 𝑑𝑟2𝐿0                  (4) 
 
The third formalisation of the TCD considered in what follows is usually referred to as the Area 
Method (AM). As per this approach’s modus operandi, the effective stress is determined by 
averaging the linear-elastic stress over a semi-circle that is centred at the notch tip and has radius 
equal to L, i.e. (Fig. 10d) [24, 34]: 
 𝜎𝑒𝑓𝑓 = 4𝜋𝐿2 ∫ ∫ 𝜎1(𝜃, r) ∙ 𝑟 ∙ 𝑑𝑟𝐿0𝜋20 ∙ 𝑑𝜃                (5) 
 
Finally, the most complex and laborious formalisation of the TCD postulates that the effective 
stress can also be calculated by averaging the linear-elastic maximum principal stress over a 
hemisphere with radius equal to 1.54L and centred at the notch tip [35]. 
As to the accuracy of the TCD, it can be recalled here that this linear-elastic design approach is 
seen to be successful in assessing static strength also of ductile metals containing a variety of 
geometrical features and subjected to uniaxial/multiaxial loading [36-39]. This aspect is very 
important because this confirms that, by its nature, the linear-elastic TCD is capable of directly 
accommodating any material non-linearities into a linear-elastic constitutive law [40]. 
In this context, it is important to remember also that the actual value of the TCD reference 
strength depends on the mechanical/cracking behaviour displayed by the material under 
investigation. In particular, for those materials whose mechanical response is characterised by a 
certain degree of non-linearity, the reference failure stress can take a value that is larger than UTS 
[24, 36]. This specific phenomenon is observed not only in standard ductile materials such as 
metals [24, 37, 38], but also in quasi-brittle polymers such as polymethylmethacrylate [29, 30]. 
In contrast, the TCD reference strength is seen to be equal to UTS for those materials having a 
linear stress-strain behaviour (for instance, in ceramics [28]) or, in any case, having a mechanical 
response that is characterised by a limited level of non-linearity (for instance, in fibre reinforced 
composites [32]). Further, the TCD reference strength is seen to be different from UTS also in 
those circumstances in which local stress concentration phenomena lead to failure mechanisms 
that are different from those characterising the cracking behaviour of the plain material [26]. 
These considerations suggest that, given the slightly non-linear mechanical behaviour displayed 
by the FFF-manufactured polymer under investigation (Fig. 4), the TCD may be attempted to be 
applied also by adopting a reference strength higher than UTS. However, this was not done simply 
because much experimental evidence [29, 30, 32] confirms that, for those material whose 
mechanical response is characterised by a limited level of non-linearity, accurate estimates can be 
obtained by simply taking the TCD reference strength equal to UTS. Accordingly, in the next 
section the static strength of the notched specimens being tested will be assessed by applying the 
TCD as briefly reviewed in the present section. 
 
7. Accuracy of the TCD in estimating notch static strength of 3D-printed ABS 
To use the TCD effective stress to assess the static strength of the notched samples shown in Fig. 
2, the local linear-elastic stress fields in the notch regions were estimated by using commercial 
code ANSYS®. This was done by solving simple bi-dimensional linear-elastic Finite Element (FE) 
modes, with the mesh density in the highly stressed regions being increased progressively until 
convergence occurred. Finally, the numerical solutions were calculated by setting Young’s 
modulus equal to 1590 MPa (Fig. 5a) and Poisson’s ratio to 0.36 [6]. 
A TCD critical distance, L, equal to 4.1 mm was estimated according to definition (2) by taking 
UTS=23 MPa and KIC=2.6 MPa·m1/2. This value for L allowed us to post-process the notch results 
being generated according to the PM and the AM. The LM instead could not be used because the 
integration length (i.e., 2L=8.2 mm) was larger than half net-width [24]. 
The TCD effective stress, eff, vs. manufacturing angle, p, diagrams reported in Figs 10e and 10f 
summarise the level of accuracy that was reached by using the TCD in terms of the PM and AM, 
respectively. In the above charts the error was calculated as: 
 𝐸𝑟𝑟𝑜𝑟 = 𝜎𝑒𝑓𝑓 − 𝜎𝑈𝑇𝑆𝜎𝑈𝑇𝑆  [%] 
 
According to this definition, a positive value for the error denotes conservative estimates, 
whereas, obviously, non-conservative predictions return negative errors. 
The diagrams reported Figs 10e and 10f confirm that, as for other conventional engineering 
materials [24, 28-33, 36-40], the systematic usage of the PM and LM returned estimates mainly 
falling with in an error interval of ±20%. This result is certainly satisfactory, especially in light of 




Initially, a large number of tests were run to investigate the effect of notches having different 
profile and sharpness on the mechanical/cracking behaviour of FFF-manufactured ABS. The 
notched samples being tested were all manufactured flat on the build plate by making the 
manufacturing angle, p, vary in the range 0˚-45˚. These specimens, containing not only 
conventional notches, but also open notches, were tested under tension as well as under three-
point bending. Subsequently, all the notch results being generated were post-processed according 
to the TCD. 
This systematic experimental/theoretical work allowed us to come to the following conclusions 
that strictly apply solely to objects of ABS additively manufactured flat on the build plate: 
 in the absence of stress concentration phenomena, the mechanical response can be 
assumed to be linear up to final breakage, with this holding true irrespective of 
manufacturing angle value; 
 as p varies in the range 0˚-90˚, the relevant mechanical properties of 3D-printed ABS 
(i.e., elastic Modulus, E, 0.1% proof stress, 0.1%, and ultimate tensile strength, UTS) are 
seen to be all within two standard deviations of the mean; 
 as far as 3D-printed ABS is concerned, an increase of the notch sharpness does not always 
result in a decrease of the static strength; 
 the profile of the crack paths fully depends on the material lay-up; 
 the fracture toughness appears to be influenced marginally by the thickness; 
 the TCD has proven to be highly accurate also in assessing notch static strength of 3D-
printed ABS, with its systematic usage resulting in predictions being within an error 
interval of about ±20%; 
 more work needs to be done in order to investigate the notch effect in ABS additively 
manufactured vertically on the build plate; 
 since 3D-printed ABS may be used also in applications that require resistance to impact 
and other high-rate loading, more work should be done also to investigate the strain-rate 
effects both in the absence and in the presence of notches. 
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Figure 6.  Cracking behaviour displayed by the plain specimens (a) as well as by the C(T) 
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Figure 9.  Cracking behaviour displayed by the notched specimens tested under three-point 
bending (in the pictures the specimen’s longitudinal axis is vertical and the notch 
tip on the left-hand side). 
Figure 10.  Notched components loaded in tension (a); effective stress determined according 
to the Point (b), Line (c), and Area Method (d); accuracy of the TCD used in the 
form of the Point (a) and Area Method (b) in estimating the notch static strength 






P w t Ff E 0.1% UTS 
[°] [mm] [mm] [N] [MPa] [MPa] [MPa] 
P0_1 0 14.93 4.00 1278 1519 19.2 21.4 
P0_2 0 14.85 3.99 1286 1471 19.2 21.7 
P0_3 0 14.86 3.95 1171 1410 17.9 19.9 
P30_1 30 14.90 3.97 1427 1771 20.9 24.2 
P30_2 30 14.82 3.96 1286 1727 21.0 21.9 
P30_3 30 14.92 3.98 1550 1710 22.8 26.1 
P45_1 45 14.83 3.93 1183 1669 19.4 20.3 
P45_2 45 14.92 3.95 1198 1649 19.8 20.3 
P45_3 45 14.91 4.01 1262 1483 19.1 21.1 
P60_1 60 14.97 3.99 1359 1606 20.5 22.8 
P60_2 60 14.92 3.95 1234 1662 19.3 20.9 
P60_3 60 14.92 3.99 1244 1573 19.5 20.9 
P90_1 90 14.92 3.94 1609 1486 24.0 27.4 
P90_2 90 14.95 3.94 1648 1549 24.8 28.0 
P90_3 90 14.95 3.97 1623 1556 24.1 27.3 
 
Table 1. Summary of the experimental results generated by testing the plain 





P R wn wg t Ff 
[°] [mm] [mm] [mm] [mm] [N] 
UB_0_1 0 2.93 15.11 24.71 3.93 1670 
UB_0_2 0 2.94 15.12 24.74 3.96 1679 
UB_0_3 0 2.96 15.16 24.82 3.95 1214 
UB_30_1 30 2.95 15.11 24.80 3.95 1309 
UB_30_2 30 2.90 15.09 24.83 3.91 1474 
UB_30_3 30 2.94 15.05 24.86 3.92 1352 
UB_45_1 45 2.97 15.13 24.91 3.94 1397 
UB_45_2 45 2.94 15.18 24.81 3.93 1495 
UB_45_3 45 2.91 15.12 24.88 3.96 1211 
UI_0_1 0 0.97 15.28 24.77 3.95 1758 
UI_0_2 0 0.94 15.21 24.65 3.96 1839 
UI_0_3 0 0.92 15.26 24.71 3.94 1781 
UI_30_1 30 0.92 15.23 24.74 3.90 1474 
UI_30_2 30 0.92 15.28 24.71 3.91 1290 
UI_30_3 30 0.93 15.13 24.78 3.88 1440 
UI_45_1 45 0.99 15.22 24.70 3.98 1468 
UI_45_2 45 0.96 15.19 24.70 4.02 1101 
UI_45_3 45 0.98 15.25 24.72 3.96 1410 
US_0_1 0 0.50 15.26 24.95 3.91 902 
US_0_2 0 0.49 15.15 24.85 3.92 1106 
US_0_3 0 0.49 15.23 24.87 3.98 1588 
US_30_1 30 0.49 15.25 24.93 3.94 1191 
US_30_2 30 0.50 15.26 24.90 3.96 1297 
US_30_3 30 0.49 15.21 24.98 3.97 1176 
US_45_1 45 0.53 15.16 24.90 3.94 1122 
US_45_2 45 0.51 15.09 24.97 3.96 1182 
US_45_3 45 0.50 15.07 24.91 4.00 1353 
 
Table 2. Summary of the experimental results generated by testing the notched 





P R wn wg t Ff 
[°] [mm] [mm] [mm] [mm] [N] 
OB_0_1 0 2.99 14.93 24.81 3.91 1262 
OB_0_2 0 2.97 15.07 24.92 3.93 963 
OB_0_3 0 3.01 14.99 24.93 3.99 1404 
OB_30_1 30 3.02 15.03 24.80 4.00 1193 
OB_30_2 30 2.97 15.01 24.83 3.99 1359 
OB_30_3 30 2.98 15.10 25.01 4.01 1302 
OB_45_1 45 3.00 14.99 24.96 4.03 1491 
OB_45_2 45 2.98 15.00 24.89 4.01 1301 
OB_45_3 45 2.98 14.96 24.87 3.92 1444 
OI_0_1 0 1.02 14.99 24.86 4.03 1529 
OI_0_2 0 1.01 14.94 24.78 4.00 1415 
OI_0_3 0 1.03 14.99 24.89 3.99 1532 
OI_30_1 30 1.00 14.95 24.91 3.97 1397 
OI_30_2 30 1.01 14.93 24.81 3.95 1455 
OI_30_3 30 0.98 14.98 24.92 4.02 1379 
OI_45_1 45 0.98 14.99 24.78 3.99 1237 
OI_45_2 45 1.02 14.91 24.76 4.03 1361 
OI_45_3 45 1.01 15.00 24.87 4.01 1161 
OS_0_1 0 0.48 15.09 24.74 4.00 1366 
OS_0_2 0 0.47 15.12 24.81 3.96 1373 
OS_0_3 0 0.49 15.11 24.82 3.97 1261 
OS_30_1 30 0.51 15.07 24.88 3.92 1223 
OS_30_2 30 0.49 15.11 24.98 3.94 1358 
OS_30_3 30 0.49 15.02 24.86 3.94 1220 
OS_45_1 45 0.50 15.05 24.89 4.01 1285 
OS_45_2 45 0.48 14.94 24.78 3.99 1225 
OS_45_3 45 0.47 14.99 24.85 4.00 1174 
 
Table 3. Summary of the experimental results generated by testing the 





P R wn wg t Ff 
[°] [mm] [mm] [mm] [mm] [N] 
BUS_0_1 0 0.04 15.18 24.99 4.02 500 
BUS_0_2 0 0.04 15.15 24.92 4.03 519 
BUS_0_3 0 0.05 15.21 24.88 4.03 552 
BUS_30_1 30 0.05 15.20 24.98 3.93 394 
BUS_30_2 30 0.04 15.14 24.89 4.00 395 
BUS_30_3 30 0.06 15.17 24.99 3.98 411 
BUS_45_1 45 0.05 15.16 25.04 3.96 397 
BUS_45_2 45 0.06 15.14 25.01 3.96 406 
BUS_45_3 45 0.06 15.16 24.96 3.99 470 
BUI_0_1 0 0.95 15.00 24.87 3.96 556 
BUI_0_2 0 0.98 14.99 24.92 3.95 620 
BUI_0_3 0 0.95 15.01 24.86 4.02 542 
BUI_30_1 30 0.96 15.03 24.90 4.00 488 
BUI_30_2 30 0.96 15.01 24.91 3.96 491 
BUI_30_3 30 0.97 14.98 24.95 3.93 438 
BUI_45_1 45 0.94 15.12 25.00 3.96 460 
BUI_45_2 45 0.95 15.09 24.96 3.95 450 
BUI_45_3 45 0.96 15.12 25.01 3.97 434 
BUB_0_1 0 2.96 14.99 24.92 3.94 594 
BUB_0_2 0 2.98 15.02 24.85 3.96 442 
BUB_0_3 0 2.95 14.95 24.87 3.95 550 
BUB_30_1 30 2.95 14.98 24.92 3.89 442 
BUB_30_2 30 2.93 14.99 24.94 3.96 454 
BUB_30_3 30 2.95 14.97 24.94 3.99 444 
BUB_45_1 45 2.99 14.98 25.00 3.96 455 
BUB_45_2 45 2.95 14.97 24.92 3.93 435 
BUB_45_3 45 2.96 15.02 24.93 4.03 433 
 
Table 4. Summary of the experimental results generated by testing the notched 





P R wn wg t Ff 
[°] [mm] [mm] [mm] [mm] [N] 
BVS_0_1 0 0.32 15.13 24.95 4.03 463 
BVS_0_2 0 0.35 15.18 24.95 3.95 419 
BVS_0_3 0 0.33 15.15 25.01 4.01 488 
BVS_30_1 30 0.32 15.03 24.94 3.94 385 
BVS_30_2 30 0.34 15.08 25.02 3.96 401 
BVS_30_3 30 0.36 14.95 24.88 3.95 368 
BVS_45_1 45 0.38 14.99 24.98 3.96 329 
BVS_45_2 45 0.40 15.06 24.96 3.96 345 
BVS_45_3 45 0.36 15.06 24.90 3.96 359 
BVI_0_1 0 0.98 15.15 24.98 3.97 462 
BVI_0_2 0 1.01 15.18 24.99 3.98 454 
BVI_0_3 0 1.03 15.13 24.99 3.95 420 
BVI_30_1 30 0.96 15.03 24.90 3.99 336 
BVI_30_2 30 1.02 15.03 24.91 4.00 394 
BVI_30_3 30 1.04 15.14 25.00 3.99 385 
BVI_45_1 45 1.01 15.16 24.92 3.97 399 
BVI_45_2 45 1.02 15.07 25.00 3.92 387 
BVI_45_3 45 1.00 15.13 24.93 3.92 398 
BVB_0_1 0 3.03 15.06 25.00 4.02 452 
BVB_0_2 0 3.00 15.08 25.06 3.94 451 
BVB_0_3 0 3.01 15.15 25.04 3.92 486 
BVB_30_1 30 3.02 15.14 25.01 3.91 368 
BVB_30_2 30 3.01 15.10 25.06 3.96 392 
BVB_30_3 30 3.02 15.01 24.92 3.96 352 
BVB_45_1 45 3.01 15.08 25.11 3.96 366 
BVB_45_2 45 3.00 15.05 24.88 3.91 372 
BVB_45_3 45 3.01 15.13 24.85 3.96 379 
 
Table 5. Summary of the experimental results generated by testing the 





P B W a Pmax PQ KC 
[Deg] [mm] [mm] [mm] [N] [N] [MPa·m1/2] 
CT_45_1 45 29.8 59.89 30.02 1914 1831 2.4 
CT_45_2 45 29.9 59.92 30.01 1987 1982 2.6 
CT_45_3 45 29.8 60.01 30.01 2164 2119 2.8 
CT_45_4 45 25.1 59.96 29.98 1553 1516 2.4 
CT_45_5 45 7.3 60.01 29.96 465 436 2.4 
 
Table 6. Summary of the experimental results generated by testing 










Nominal Dimensions Ff 
R wn wg t Average SD 




0 3 15 25 4 
1521 266 
UB_30 30 1378 86 




0 1 15 25 4 
1793 42 
UI_30 30 1402 98 




0 0.5 15 25 4 
1199 352 
US_30 30 1221 66 




135 3 15 25 4 
1210 225 
OB_30 30 1284 84 




135 1 15 25 4 
1492 67 
OI_30 30 1410 40 




135 0.5 15 25 4 
1333 63 
OS_30 30 1267 79 




0 3 15 25 4 
529 78 
BUB_30 30 447 6 




0 1 15 25 4 
573 41 
BUI_30 30 472 30 




60 0.5 15 25 4 
524 26 
BUS_30 30 400 10 




135 3 15 25 4 
463 20 
BVB_30 30 371 20 




135 1 15 25 4 
445 22 
BVI_30 30 371 31 




135 0.4 15 25 4 
457 35 
BVS_30 30 384 17 
BVS_45 45 344 15 
 
Table 7. Experimental results generated by testing the notched specimens summarised in 















Figure 1. Influence of manufacturing direction (a) and material lay-up (b) on the 









































































































































(c) (d) (e) 
(f) (g) (h) 
(i) (k) (l) 
(m) (n) (o) 
 


















































































Figure 3. Definition of manufacturing angle p and orientation of the 3D-printed filaments 



















Figure 4. Stress vs. strain curves generated by testing the plain samples under tensile 






























































































































Figure 5. Influence of manufacturing angle p on Young’s modulus (a), 


























































































Figure 6. Examples of the cracking behaviour displayed by the plain specimens (a) and by 
the C(T) specimens (b). 
   
   
   
   










































































































































































































































































































































 p=0˚ (±45˚) p=30˚ (-15˚/+75˚) p=45˚ (0˚/+90˚) 
U-Notch 
R=3 mm 
   
U-Notch 
R=1 mm 
   
U-Notch 
R=0.5 mm 
   
Open Notch 
R=3 mm 
   
Open Notch 
R=1 mm 
   
Open Notch 
R=0.5 mm 
   
 
Figure 8. Cracking behaviour displayed by the notched specimens tested under 
tension (in the pictures the specimen’s longitudinal axis is vertical and the notch 
tip on the left-hand side). 
  
 
 p=0˚ (±45˚) p=30˚ (-15˚/+75˚) p=45˚ (0˚/+90˚) 
U-Notch 
R=3 mm 
   
U-Notch 
R=1 mm 
   
U-Notch 
R=0.05 mm 
   
Open Notch 
R=3 mm 
   
Open Notch 
R=1 mm 
   
Open Notch 
R=0.4 mm 
   
 
Figure 9. Cracking behaviour displayed by the notched specimens tested under 
three-point bending (in the pictures the specimen’s longitudinal axis is vertical 






Figure 10. Notched components loaded in tension (a); effective stress determined 
according to the Point (b), Line (c), and Area Method (d); accuracy of the TCD used in the 
form of the Point (a) and Area Method (b) in estimating the notch static strength of the 3D-

















Manufacturing Angle, p [ ]
Point Method (PM)
U-Notch, Tension, R=3 mm
U-Notch, Tension, R=1 mm
U-Notch, Tension, R=0.5 mm
Open Notch, Tension, R=3 mm
Open Notch, Tension, R=1 mm
Open Notch, Tension, R=0.5 mm
U-Notch, Bending, R=3 mm
U-Notch, Bending, R=1 mm
U-Notch, Bending, R=0.05 mm
Open Notch, Bending, R=3 mm
Open Notch, Bending, R=1 mm























Manufacturing Angle, p [ ]
Area Method (AM)
U-Notch, Tension, R=3 mm
U-Notch, Tension, R=1 mm
U-Notch, Tension, R=0.5 mm
Open Notch, Tension, R=3 mm
Open Notch, Tension, R=1 mm
Open Notch, Tension, R=0.5 mm
U-Notch, Bending, R=3 mm
U-Notch, Bending, R=1 mm
U-Notch, Bending, R=0.05 mm
Open Notch, Bending, R=3 mm
Open Notch, Bending, R=1 mm

















Point Method Line Method Area Method 
(a) (b) (c) (d) 
L/2 2L L 
